Interest has recently been revived in the observation that the biological effects of x-rays are greatly influenced by the oxygen tension of the medium in which the material is maintained during irradiation. A striking decrease in irradiation damage resulting from low oxygen tension during exposure to ionizing irradiation has been reported for tumor cells,' bean root tips,2 yeast3 and mammals.4 6 X-ray-induced chromosome aberrations in Vicia faba root tips,6 barley seeds,7 Tradescantia microspores,8 and mutations in Drosophila9 are greatly decreased when irradiation is carried out under low oxygen tension. Hollaender and coworkers'0 found that the -survival ratio of Escherichia coli is also strikingly reduced when suspensions are exposed to x-rays in an atmosphere of oxygen as compared to air, and greatly increased when irradiated in nitrogen. It is possible to detect and assay certain biochemical mutations of bacteria, even when they occur at very low frequencies, by taking advantage of the specific growth requirements of the mutant or of its back mutation. Therefore, it was considered feasible to determine whether a change in oxygen tension would alter the induction of bacterial mutations by x-rays. The work here presented is part of a study being conducted as a group project in this division on factors modifying the biological effects of x-rays.
Materials and Methods.-Two radiation-resistant biochemical mutants of strain B of E. coli were chosen for use in these studies because of the ease with which back mutations of these organisms could be screened and assayed. The first is a streptomycin-dependent mutant'" which grows well at streptomycin concentrations of between 1 and 100 Ag. per ml. This organism was cultured and assayed for survival and back mutations by methods developed by Bertani.12 Stock cultures were maintained on nutrient agar slants containing 25 ,ug. of streptomycin per ml. Cells used for mutation studies were grown for 18 hrs. with aeration at 37°C. in nutrient broth containing 10 ,ug. of streptomycin per ml. Survival assays were made by surface plating, from appropriate dilutions, on nutrient agar containing 25 jig. of streptomycin per ml. Assays for the back mutation to streptomycin non-dependence were made by plating on nutrient agar without streptomycin. The second organism is a purineless-mutant"3 whose growth factor requirement is satisfied by adenine. This organism is best maintained on a rich nutrient agar. Cells used for mutation studies were grown for 15 hrs. with aeration at 37°C. in nutrient broth. Survival assays were made on nutrient agar while assays for the back mutation to purine non-dependence were made on a purine-free synthetic medium containing Noble agar, phosphate buffer, ammonium salts, trace elements, asparagine, glutamic acid, glycine and dextrose. In all cases, assay determinations were based on the average of four aliquot plates. Survival assay plates were incubated 48 hrs. at 37°C. Mutant assay plates were incubated at the same temperature for 120 hrs. due to the slower growth rate of the mutant colonies.
The techniques and apparatus employed for x-ray exposure of cells under high and low oxygen tension were developed by G. E. Stapleton of this laboratory and are described in detail by Hollaender and Stapleton. '4 Only those portions of the technique pertinent to this investigation are reported here. Cells used in all experiments were prepared by washing twice in M/15 phosphate buffer at pH 6.9 with a final resuspension in the buffer to give 2.0-3.5 X 109 cells per ml. The cell suspensions were irradiated in 1-ml. amounts contained in 2-ml. thin-walled volumetric tubes.
These tubes were fitted with ground glass stoppers which carried bubbling and exhaust tubes equipped with stopcocks. This arrangement permitted the removal of air from the suspension and the saturation of the suspension and the atmposhere in the tube with the desired gas at a slight positive pres-sure. In all cases the suspensions were bubbled for 15 or 20 minutes, with the tubes immersed in ice water at 2°C., just prior to irradiation. Control and experimental tubes were maintained at 2°C. until assayed. Pre-and postirradiation treatments by themselves had no effect on the survival and mutation rate of either strain.
X-ray survival curves of the sireptomycin-dependent strain (0) and of the purineless strain (0) irradiated in oxygen or nitrogen.
During irradiation the tubes were held at a slight angle in radial holes in a lucite ring-shaped holder. The suspension in each tube was held in the center well of the holder at an equal distance from the center of the vertical beam of x-rays. Thus all tubes were exposed in a predetermined unifortm field of radiation. An additional opening in the holder permitted the insertion of a 250-r thimble ionization chamber of a standardized Vic-toreen dosimeter so that the exposure rate in the exact area containing the suspensions could be measured. The center well of the holder was filled with a water-ice mixture in which the tubes were immersed during irradiation. X-ray induction of back mutations as a function of kiloroentgens of exposure. Comparison of back-mutation rates to streptomycin non-dependence of the streptomycindependent strain when irradiated in oxygen, curve I or in nitrogen, curve II (left and bottom scales). Right and top scales compare the back-mutation rates of the purineless strain to purine non-dependence when irradiated in oxygen, curve III, with those obtained when irradiated in nitrogen, curve IV.
A General Electric, Maximar Model, 250-kvp. unit operated at 250 kvp. and 15 ma. served as the x-ray source. The inherent filtration was equiva-lent to Rate of x-ray inductionof back mutations as a function of survival ratio. Curves I and II, left scale, compare the back-mutation rates to streptomycin non-dependence of the streptomycin-dependent strain irradiated in oxygen or nitrogen. Curves III and IV, right scale, compare the back-mutation rates to purine non-dependence of the purineless strain irradiated in oxygen or in nitrogen.
gen, plotted against exposure in kiloroentgens are shown in figure 1. Similar, though perhaps not identical, survival curves are obtained for the two strains. Each organism exhibits a much greatertsensitivity-to x-rays when exposed in oxygen than in nitrogen. At an exposure of 60 kr. a ratio of survivors in nitrogen to survivors in oxygen of 1300 is shown for the purineless strain and a ratio of 660 for the streptomycin-dependent strain. At a survival ratio of O.a per cent a dose-reduction value'5 of about 2.5 is obtained for the streptomycin-dependent strain,and about 3.0 for the purineless strain. The survival data indicate that a mechanism which is accelerated by the presence of oxygen is involved in a similar manner in the lethal action of x-rays on these two strains of coli. If this same mechanism acts on the hereditary material of the cells to induce mutations one would expect the mutation rate of cells exposed to x-rays in the presence of oxygen to be greatly increased over that obtained on exposure in nitrogen. This was found to be the case for the purineless strain but not for the streptomycindependent strain.
Mutation rates for both strains plotted against exposure in kiloroentgens are shown in figure 2 and against survival ratios in figure 3 Curves I and II in figure 2 show that the x-ray-induced mutation rates for the streptomycin-dependent organism are very similar at equal exposures whether the cells are irradiated in the presence of oxygen or of nitrogen. This is in sharp contrast to the very great difference in survival levels with respect to exposure obtained with -oxygen and nitrogen for this organism.
Mutation rates plotted against survival ratios for the streptomycindependent strain, curves I and II in figure 3 , show that at equal levels of survival in the two gases the mutation rate in nitrogen is 2-2.5 times the value obtained in oxygen. The cells irradiated in nitrogen received approximately 2.5 times the x-ray exposure received by the cells at an equal survival level in oxygen, as shown in figure 1 . Therefore the results presented for the streptomycin-dependent strain in figures 2 and 3 are such as might be expected on the basis of a direct action of x-rays on the hereditary components of the cells responsible for the back mutation to streptomycin non-dependence. Although oxygen has a pronounced influence on the lethal effects of x-rays for the streptomycin-dependent strain it has but slight influence on the genetic effect examined. The mechanisms involved in producing the lethal effect of x-rays on this strain of coli and the mutagenic effect of x-rays for this particular mutation appear to be quite different. VOL . 37, 1951 The back mutation rates of the purineless strain plotted against kiloroentgens of exposure are shown in figure 2, curves III and IV. It is obvious that the results obtained with this strain are in sharp contrast to those obtained with the streptomycin-dependent strain. The x-ray-induced back mutation rates to purine non-dependence are profoundly influenced by a high oxygen tension during irradiation. This is clearly shown by a comparison of the mutation rates, with respect to x-ray exposure, obtained in MUTATION Isoefficiency curves. The abscissa represents the kiloroentgens of exposure in the presence of nitrogen required to produce the same lethal or genetic effect as the exposure in kiloroentgens in the presence of oxygen plotted on the ordinate, (A) for the purineless strain, (B) for the streptomycin-dependent strain. In each case the dotted line represents the curve that could be expected if both gases exerted an equal or no influence on the effects examined. Points lying below this curve indicate an increased effect of oxygen over that of nitrogen.
oxygen and in nitrogen. In the presence of oxygen an exposure of 50 kr. induced a mutation rate of 7200 mutations per 101 surviving cells. The same exposure in the presence of nitrogen resulted in a mutation rate of only 300 mutations per 108 survivors. The dose-reduction value of oxygen for the genetic effect studied is approximately 3 (curves III and IV in figure 2 ). This agrees closely with the dose-reduction value obtained for the lethal effect with this strain (figure 1).
The similarity of the dose-reduction values for the two effects studied indicates that oxygen plays essentially the same role in increasing both the killing and the mutagenic effect of x-rays in the case of the purineless strain of coli. This is corroborated by the data presented in figure 3 , curves III and IV. From this it may be seen that the mutation rates plotted against survival rates for cells x-rayed in the presence of oxygen and of nitrogen give curves which coincide. Therefore the induced back-mutation rate for this particular genetic effect is the same at equal survival levels irrespective of whether the cells have been exposed to x-rays in the presence or the absence of oxygen. The cells at any survival level in oxygen, however, received approximately one-third the amount of energy received by the cells in nitrogen at an equal level of survival.
Discussion.-The influence of oxygen on the x-ray-induced mutation rates of the two strains examined represent two extreme conditions that could be expected. This is shown in a more obvious manner in figures 4 (A) and 4 (B) in which portions of the data presented in figures 1 and 2 have been replotted. In these two graphs the x-ray exposure necessary to produce a certain degree of effect in the presence of oxygen is plotted as a function of the exposure in the presence of nitrogen required to produce the same degree of effect. Figure 4 (A) represents the results obtained with the purineless strain. The curves for the lethal and the genetic effects coincide. Oxygen has the same efficiency in increasing the x-ray induction of the back mutation to purine non-dependence as it has in increasing the lethal effects of x-rays.
This relationship is consistent with the idea that x-rays produce an active molecule species or radical which is responsible for both the genetic and lethal effects in the purineless strain. The rate at which this substance is produced or activated, and hence the degree of genetic and lethal effects obtained, is dependent on the presence of oxygen during the irradiation of the cells. Figure 4 (B) presents the opposite picture. The idea that a single substance produced by x-rays may be responsible for both the lethal and genetic effects in the streptomycin-dependent strain is not compatible with the results observed. Although oxygen has nearly the same degree of efficiency in increasing the lethal effects of x-rays on both strains, it has but slight influence on t-he back-mutation rate to streptomycin non-dependence. This difference in response to the presence of oxygen suggests that the mechanisms responsible for the lethal and this specific genetic effect of x-rays are different in this strain. The genetic effect may be the result of the action of an oxygen-insensitive substance produced by the radiation, or of a direct action of x-rays. The small oxygen effect observed on the backmutation rate to streptomycin non-dependence may be real or apparent.
One possible explanation is that more than one type of back mutation to streptomycin non-dependence, with a constant ratio between them, may occur. The mechanism involved in inducing the major type of mutation should be insensitive to oxygen while that for the less frequent types would be oxygen sensitive. The assumption that oxygen exerts a slightly protective action on the newly formed mutants, rendering them less sensitive than the normal cells to the lethal effects of x-rays, could also possibly explain the slight oxygen effect.
The mutation rates of the streptomycin-dependent strain as a function of exposure in kiloroentgens give curves which are approximately first order (curves I and II in figure 2 ). This may represent a single-hit type of phenomenon and thus indicate that a back mutation in the streptomycin dependent strain is the result of a single ionization.
The mutation rates of the purineless strain in the presence of oxygen, plotted as a function of the exposure in kiloroentgens, give curves which are approximately fourth order (curve III, figure 2 ). This may be interpreted as an indication that a back mutation in the purineless strain does not result from a single ionization or from the action of a single individual molecule or radical but may require the cooperative action of several of the same species.
On the basis of the two genetic effects examined it may be postulated that different mechanisms may be involved in the x-ray-induced mutation of different genes. Further studies with other micro-organisms and a more significant number of mutations may show this technique to be a powerful tool in differentiating mutations.
These studies are being continued and will be presented in greater detail in another publication.
Sfimmary.-The effect of a high oxygen tension on the induction of mutations by x-rays has been examined for a streptomycin-dependent strain and for a purineless strain of E. coli. Back-mutation rates-to streptomycin non-dependence and purine non-dependence were studied under comparative exposures to x-rays in the presence of oxygen and of nitrogen. The sensitivity of both strains to the lethal effects of x-rays was similarily increased by the presence of oxygen during irradiation. A dose-reduction value of 2.5 was found for the streptomycin-dependent strain and a value of 3 found for the purineless strain. Mutation rates of both strains were increased with length of exposure to x-rays in the presence of either oxygen or nitrogen. Oxygen was found to have but slight additional effect over nitrogen on x-ray induction of back mutations in.t;e streptomycin-dependent strain. On the other hand the back-mutation sate of the purmne-dependent strain was fQund to be profoundly increased,-by the-presence of oxygen during irradiation. The dose-reduction value of oxygen for the genetic effect for this strain is the same as that for the lethal effect This is interpreted as an indication that the same mechanisms are involved in the lethal and GENETICS: FULLER AND WILLIAMS this specific genetic effect of x-rays in the purineless strain. Different mechanisms appear to be involved in these two effects of x-rays on the streptomycin-dependent strain.
